Central respiratory chemoreception is the mechanism by which the CNS maintains physiologically appropriate pH and PCO 2 via control of breathing. A prominent hypothesis holds that neural substrates for this process are distributed widely in the respiratory network, especially because many neurons that make up this network are chemosensitive in vitro. We and others have proposed that TASK channels (TASK-1, K 2P 3.1 and/or TASK-3, K 2P 9.1) may serve as molecular sensors for central chemoreception because they are highly expressed in multiple neuronal populations in the respiratory pathway and contribute to their pH sensitivity in vitro. To test this hypothesis, we examined the chemosensitivity of two prime candidate chemoreceptor neurons in vitro and tested ventilatory responses to CO 2 using TASK channel knock-out mice. The pH sensitivity of serotonergic raphe neurons was abolished in TASK channel knock-outs. In contrast, pH sensitivity of neurons in the mouse retrotrapezoid nucleus (RTN) was fully maintained in a TASK null background, and pharmacological evidence indicated that a K ϩ channel with properties distinct from TASK channels contributes to the pH sensitivity of rat RTN neurons. Furthermore, the ventilatory response to CO 2 was completely retained in single or double TASK knock-out mice. These data rule out a strict requirement for TASK channels or raphe neurons in central respiratory chemosensation. Furthermore, they indicate that a non-TASK K ϩ current contributes to chemosensitivity of RTN neurons, which are profoundly pH-sensitive and capable of driving respiratory output in response to local pH changes in vivo.
Introduction
Breathing serves two essential functions; it provides the means to obtain O 2 and eliminate CO 2 , and it rapidly and dynamically regulates acid-base balance. The importance of this latter function is underscored by the existence of an exquisitely sensitive homeostatic mechanism -so-called central respiratory chemoreception -by which the rate and depth of breathing are controlled by brainstem CO 2 /pH (Nattie, 1999; Feldman et al., 2003; Putnam et al., 2004; Nattie and Li, 2006) . Despite concerted investigation, the molecular basis for respiratory chemoreception has yet to be determined, and the neuronal basis remains unresolved. A number of pH-sensitive ion channels have been suggested as candidate sensor molecules, and likewise, diverse cell types have been advanced as candidate neuronal substrates (Nattie, 1999; Putnam et al., 2004; Richerson, 2004; Guyenet et al., 2005b; Jiang et al., 2005; Nattie and Li, 2006) . However, to date, it has not been possible to unambiguously demonstrate that targeted cellular or molecular ablation of any of these candidates results in deficits in the CO 2 /pH drive for breathing.
In previous work, we and others have proposed that the tandem pore-domain K ϩ channels TASK-1 and TASK-3 (K 2P 3.1 and K 2P 9.1) serve as molecular substrates for central chemoreception Washburn et al., 2002 Washburn et al., , 2003 Feldman et al., 2003; Lesage, 2003; Talley et al., 2003; Mulkey et al., 2004; Putnam et al., 2004) . These channels contribute to background K ϩ currents and are highly sensitive to physiological shifts in pH (Lesage, 2003; Talley et al., 2003) . We showed that a number of different neuron types in the respiratory network express TASK channels that can impart intrinsic chemosensitivity to cells in which they are expressed Talley et al., 2000; Washburn et al., 2002 Washburn et al., , 2003 .
In separate work, we have amassed substantial evidence from in vivo experiments that implicates a subpopulation of chemosensitive neurons within the RTN as prime cellular substrates for central respiratory chemoreception (Mulkey et al., 2004; Weston et al., 2004; Guyenet et al., 2005a,b; Stornetta et al., 2006) . This area of the rostroventrolateral medulla has long been implicated in central respiratory chemosensitivity (Nattie, 1999; Feldman et al., 2003; Putnam et al., 2004; Nattie and Li, 2006) . The neurons we identified are robustly chemosensitive, even in the absence of excitatory synaptic transmission, and they selectively innervate components of the central respiratory pattern generator (Mulkey et al., 2004; Rosin et al., 2006; Takakura et al., 2006) . In vitro, we identified a corresponding subset of chemosensitive RTN neurons; furthermore, we showed that a pH-sensitive and K ϩ -selective background current contributes to this chemosensitivity, suggesting that it could be carried by TASK channels (Mulkey et al., 2004; Weston et al., 2004; Guyenet et al., 2005a,b; Stornetta et al., 2006) .
Here, we used knock-out mice to test the importance of TASK channels to pH sensitivity in putative chemosensors and to whole animal ventilatory responses to CO 2 . Our data indicate that TASK channels do not mediate the pH-sensitive background K ϩ current in RTN neurons. In contrast, we find that the pH sensitivity of serotonergic raphe neurons is eliminated in TASK channel knock-out mice. Because ventilatory responses to CO 2 are fully retained in these mice, our results demonstrate that pH sensing by raphe neurons or TASK channels is not required for respiratory chemosensitivity.
Materials and Methods
Knock-out mice. We targeted TASK-1 and TASK-3 gene loci for homologous recombination in mouse embryonic stem cells, flanking the second exon of each 2-exon gene with loxP sites (Fig. 1) . A bacterial artificial chromosome (BAC) library of mouse genomic DNA (CITB Mouse BAC, catalog #96040H; Invitrogen, Carlsbad, CA) was probed with rat cDNA for TASK-1 (GenBank accession number AF031384) and TASK-3 (GenBank accession number AF192366). Positive clones were verified by Southern analysis; restriction fragment sizes matched fragments from mouse genomic DNA, and also matched sizes predicted from the mouse genome sequence (GenBank accession numbers: TASK-1, NC_000071; TASK-3, NC_000081). To generate targeting constructs ( Fig. 1 A, D) , restriction fragments (TASK-1: BglII/XbaI, 9 kb; TASK-3: BamHI/HindIII, 5.9kb) from the respective BAC clones were ligated into pBluescript. In the case of TASK-1, a diphtheria toxin gene was added at the 5Ј end of the targeting construct (derived from pKODT, GenBank accession number AF090452, gift from John Lye, University of Virginia) to select against random incorporation. For TASK-3, an Figure 1 . Generation of TASK-1 and TASK-3 knock-out mice. Targeting constructs for TASK-1 (A) and TASK-3 (D) were transfected into ES cells to generate "floxed" alleles containing loxP sites flanking exon II of the respective genes. Initial crosses between germ-line chimeric animals and C57BL/6 mice yielded progeny with heterozygous floxed (f/ϩ) TASK alleles. These animals were crossed with a deleter Hs-Cre1 mouse strain to generate heterozygous (ϩ/Ϫ) offspring, and those animals were intercrossed to produce mice homozygous for the deleted alleles (Ϫ/Ϫ). Tail DNA was assayed by Southern blot analysis (B, E) using the indicated probes and by multiplex PCR (C, F ) across the downstream loxP site using the indicated primers. The probed restriction fragments and PCR products matched the predicted sizes indicated in the panels. WT, Wild type. extra 1.6 kb segment at the 5Ј end was generated by PCR, fully sequenced, and ligated upstream of a unique NdeI site in the initial construct to generate a longer 5Ј arm for targeting. We added a neomycin resistance cassette (excised from plasmid 4369G9, gift from Richard Palmiter, University of Washington), which contained an upstream loxP site and two yeast frt sites flanking an SV40 promoter-driven neo gene. This cassette allows for subsequent excision of the neo gene using the yeast Flp recombinase, but because the presence of the neo cassette did not affect TASK-1 or TASK-3 mRNA levels (data not shown), the neo gene was not removed. The cassette was inserted into a double NdeI site in TASK-1 (removing 118 nt) and a single BglII site in TASK-3, both upstream of exon II. The downstream loxP sites were generated using PCR fragments containing the full loxP sequence plus flanking sequence from each of the respective genes. These PCR products were used to prime Quickchange site-directed mutagenesis (Stratagene) to generate the final mutated gene. For TASK-1 the loxP sequence was placed over a unique PmeI site; for TASK-3 it was placed over a unique MluI site. Both constructs were sequenced through the full coding region, as well as at the 5Ј and 3Ј ends, and in the regions flanking the neo cassette and the downstream loxP sites.
R1 ES cell culture was performed in the UVA Mouse Transgenic Core facility according to procedures developed for this line (Nagy and Vintersten, 2006) . Linearized plasmids (TASK-1: PciI, TASK-3: NotI) were transfected by electroporation (Matise et al., 2003) and DNA samples from G418-resistant colonies were assayed by PCR using a 5Ј primer external to the targeted sequence and a 3Ј primer internal to the neo cassette. Positive colonies were characterized by Southern analysis using probes corresponding to the 5Ј and 3Ј sequence flanking the targeted regions, and corresponding to the coding regions, to ensure integrity of targeted and flanking sequences (data not shown). Blastocyst injection was performed by the UVA Mouse Transgenic Core facility. Chimeric animals were identified by coat color, and crossed to C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME). Tail DNA was assayed by PCR to select progeny bearing the "floxed" allele, which were then crossed to a deleter strain that expresses cre recombinase at the two-cell stage of development (HS-cre1, obtained from Scott Zeitlin at University of Virginia) (Dietrich et al., 2000) . PCR primers were designed for a multiplex reaction across the downstream loxP site or spanning the deleted region (5Ј-3Ј, TASK-1: GAAGCCCCTGCAGGCAAC, GCTCAGGCT-GGGGCTTTTG, GGTCTGACTCTGCTTGGC, TASK-3: GACCTA-ACTCCTCTCTTCTTCC, CAACACACCTGCACACAGAAG, GCAC-CCCAAAATGCTTCAGC) (Fig. 1C,F ) . The Cre recombinase gene was assayed in a separate PCR using primers from the Cre coding region (CTGCCACGACCAAGTGACAGC, CTTCTCTACACCTGCGGTGC-T). Tail DNA was probed by Southern blotting, which resulted in hybridized fragments of the appropriate sizes for the wild-type, floxed, and knock-out alleles of the two TASK channel genes ( Fig. 1 B, E) .
Brain slices. The preparation of brain slices has been described previously (Mulkey et al., 2004) . Briefly, neonatal rat (Sprague Dawley) or mouse pups (7-12 d postnatal) were anesthetized (ketamine/xylazine), decapitated and transverse slices (300 m) were prepared from brainstem (RTN and medullary raphe) and midbrain (dorsal raphe) using a microslicer (DSK 1500E, Dosaka, Japan) in ice-cold sucrose (260 mM)-substituted Ringer's solution (Pineda and Aghajanian, 1997) containing kynurenate (1 mM). Slices were incubated for 30 min at 37°C and then at room temperature in normal Ringer's solution (in mM): 130 NaCl, 3 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 10 glucose; substituted and normal Ringer's solutions were bubbled with 95% O 2 /5% CO 2 .
Electrophysiology. Recordings were obtained from slices in a chamber on a fixed-stage microscope (Zeiss Axioskop FS); slices were perfused continuously (ϳ2 ml/min) with a bath solution composed of (mM): 140 NaCl, 3 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 HEPES, 10 glucose; the pH of the bath solution was adjusted between 6.9 and 7.5 by addition of HCl or NaOH, and tetrodotoxin (TTX, 0.5 M) was added where indicated.
The RTN was identified by its location below the caudal end of the facial motor nucleus and individual neurons were visualized using Nomarski optics. We targeted neurons with fusiform somas and long axis parallel to the ventral medullary surface, typically within 100 m of the surface. Neurons in the dorsal and caudal medullary raphe were identified visually by their location ventral to the aqueduct or along the midline, respectively, and characterized electrophysiologically by their response to serotonin [5-hydroxytryptamine (5-HT)] (Bayliss et al., 1997) . The serotonergic phenotype of raphe cells was confirmed using immunohistochemistry (see below).
Recordings were obtained at room temperature using pClamp 9.0 to drive an Axopatch 200B amplifier via a Digidata 1322A analog-to-digital converter (all from Molecular Devices, Union City, CA). Patch electrodes had a DC resistance of 3-6 M⍀ when filled with internal solution containing (mM): 120 KCH 3 SO 3 , 4 NaCl, 1 MgCl 2 , 0.5 CaCl 2 , 10 HEPES, 10 EGTA, 3 Mg-ATP, 0.3 GTP-Tris, 0.2% biocytin, pH 7.2; electrode tips were coated with Sylgard 184 (Dow Corning). Firing rate histograms were generated by integrating action potential discharge in 10-s bins and plotted using Spike 5.0 software. Under voltage clamp, cells were held at Ϫ60 mV and holding current, input conductance and I-V relationships were determined using voltage steps (⌬ 10 mV) between Ϫ40 and Ϫ120 mV. Series resistance was typically Ͻ20 M⍀ and was compensated by 65-70%. A liquid junction potential of 10 mV was corrected off-line.
Histochemistry. In situ hybridization was performed on mouse brain sections (10 -30 m) using either [
33 P]-labeled or digoxigenin-labeled cRNA probes, essentially as described ; mouse TASK-1 and TASK-3 (in pcDNA3) were linearized with SpeI and StuI, respectively, to yield templates that encompass only the second (i.e., the deleted) exon of each gene. We detected tryptophan-hydroxylase (TrpH) immunoreactivity in biocytin-filled neurons by incubating either the whole slice or re-cut horizontal sections (50 m) with a mouse monoclonal antibody (1:1000, Sigma-Aldrich, St. Louis, MO) followed by Alexa 488 goat anti-mouse IgG 3 (1:200; Invitrogen) and avidin Cy3 (1:200, Jackson ImmunoResearch, West Grove, PA), as described (Bayliss et al., 1997) .
Quantitative real-time PCR. Expression of the two TASK genes was assayed in control and TASK knock-out mice using quantitative realtime PCR (qRT-PCR). Mice were rapidly decapitated and brainstems were removed and either used immediately or frozen in liquid nitrogen and stored at Ϫ80°C. RNA extraction was performed using Trizol reagent (Molecular Research Center, Cincinnati, OH) or the RNeasy kit (Qiagen, Valencia, CA), and reverse transcription and qRT-PCR used iScript and IQ SYBR Green Supermix kits (both from Bio-Rad, Hercules, CA), according to manufacturer's instruction. Primers were specific for exon 2 of TASK-1 (5Ј-3Ј: AGGACGAGAAGCGTGATG, CAGCAC-CTCGGCATAGAC) and TASK-3 GGAGGGAGAAGTTGCG-GAGATTC, CGTGGTGCCTCTTGCGTCTC); cyclophilin served as an internal standard (GGCTCTTGAAATGGACCCTTC, CAGCCAAT-GCTTGATCATATTCTT). Samples were in run in triplicate (or quadruplicate) on an ICycler (Bio-Rad, Hercules, CA) using the following conditions: 95°C, 3 min; 95°C, 10 s, 65°C, 10 s, 72°C, 25 s (40 cycles) that were optimized in preliminary experiments to yield Ն97% efficiency. The identity of PCR products was verified in initial experiments by agarose gel electrophoresis (which yielded amplicons of appropriate size) and in all experiments by melt curve analysis (which yielded a single peak at appropriate Tm). We analyzed qRT-PCR data by using a modification of the so-called ⌬⌬Ct normalization procedure to obtain TASK subunit mRNA levels for each genotype, relative to cyclophilin (Pfaffl, 2001) .
Behavioral analysis. To assay coordination and gross motor function of the mice, we used the rotarod and wire hang test, essentially as described (Crawley, 2000) . Mice were placed on a rod rotating at constant acceleration and the length of time the animal was able to stay on the rod was recorded, up to 500 s (ENV-576M; Med Associates, St. Albans, VT). To allow for acclimation to the apparatus and to assess any genotypedependent training effects, we administered five trials for each animal (with at least 20 min rest between trials). For the wire hang test, mice were suspended from a wire mesh and the length of time they clung to the wire was recorded, up to 60 s.
A tail flick assay was performed to assess basal sensitivity to painful stimuli (Crawley, 2000) . Animals were lightly restrained in a commercially available apparatus (Columbus Instruments, Columbus, OH) while a radiant heat source was directed onto the tail; the time to remove the tail from the heat source was recorded. We used low-and highintensity stimuli to provide response times in wild-type animals of ϳ8 -10 s and ϳ3-4 s, respectively. Cutoff times for low-and high-intensity heat stimuli were set at 20 and 10 s, respectively, to avoid tissue damage.
Whole animal plethysmography. Ventilatory responsiveness to CO 2 was assessed by whole animal plethysmography in unrestrained adult control and TASK knock-out mice. The averaged ages (range: 4 -8 mos.) and weights (range: 24 -31 g) of TASK knock-out mice used in these studies were not significantly different from those of control littermates (by one-way ANOVA). Animals were placed individually into Plexiglas chambers (ϳ1000 cm 3 ) and allowed 30 min to acclimate. Inspiration and expiration were detected using a pressure transducer calibrated before and after each experiment by injecting 1 ml of air (Buxco Max II; Buxco Electronics). The pressure signal was amplified, digitized and recorded using IOX software (EMKA Technologies). Tidal volume (measured in ml, normalized to body weight) and respiratory frequency (breaths/min) were recorded on a breath-to-breath basis and analyzed from periods of relative quiescence; the product of tidal volume and frequency is minute ventilation (ml/min/g). The ventilatory response to graded hypercapnia (3, 5 and 10% CO 2 ) was measured under hyperoxic conditions (balance O 2 ). Multiple determinations of CO 2 effects on ventilation were obtained from each animal (at least 2, usually 4 -6 over 2-3 d); data from multiple trials were averaged and those values were treated as a single data point for subsequent statistical analysis.
Data analysis. All data are expressed as mean Ϯ SE. Statistical tests included paired Student's t test, one-way ANOVA and Newman-Keuls multiple-comparison test or repeated measures ANOVA, as indicated, with a significance level of p Ͻ 0.05.
Results
We developed TASK channel knock-out mice to test the hypothesis that TASK-1 and/or TASK-3 subunits contribute to central respiratory chemoreception. We examined pH sensitivity of two principal candidate populations of chemoreceptor neurons [serotonergic neurons of the raphe nuclei (Richerson, 2004) and chemosensitive neurons of the RTN (Mulkey et al., 2004; Guyenet et al., 2005b )] and we determined whole animal ventilatory responses to CO 2 in TASK knock-out mice.
TASK channel knock-out mice
We generated conventional single and double TASK subunit knock-out mice by gene targeting and Cre-mediated excision of the second exon of TASK channel genes (see Materials and Methods) (Fig. 1) ; removal of this exon disrupts the first pore domain and removes the M2, M3 and M4 transmembrane domains, the second pore loop and the entire cytoplasmic C terminus. For these studies, mice were examined on a mixed genetic background, using littermates with intact TASK genes as controls.
As depicted in images from in situ hybridization of mouse brain sagittal sections using exon 2-specific probes (Fig. 2 A) , there was no evidence for expression of the cognate transcript from TASK-1 Ϫ/Ϫ or TASK-3 Ϫ/Ϫ knock-out mice, even at twice the probe concentration; in addition, the brain distribution of the alternate TASK transcript in each knock-out was the same as noted previously for rat and wild type mouse Bayliss et al., 2003) . We also assayed TASK-1 and TASK-3 mRNA levels by qRT-PCR in brainstem samples from control and TASK knock-out mice; as evident in Figure 2 B, the relevant TASK transcript was undetectable and there was no compensatory upregulation of the alternate TASK subunit mRNA in either of the TASK knock-outs. Similar to our results, another group has reported that expression of the remaining TASK subunit is not upregulated in separate lines of single TASK-1 Ϫ/Ϫ and TASK-3
knock-out mice (Aller et al., 2005; Brickley et al., 2007) ; in addition, that group reported no change in expression of a broad panel of K 2P channels in their TASK knock-out mouse lines (Aller et al., 2005; Brickley et al., 2007) . Homozygous single TASK-1 Ϫ/Ϫ and TASK-3 Ϫ/Ϫ knock-out mice and doubly deleted TASK-1 Ϫ/Ϫ :TASK-3 Ϫ/Ϫ mice (hereafter called TASK Ϫ/Ϫ mice) were viable and presented with no obvious health problems. We used a rotarod and wire hang test, along with a tail flick assay, to characterize basic sensorimotor function in the knock-outs (Crawley, 2000) . TASK knock-out mice were not different from littermate controls in their ability to maintain balance on a rotationally accelerating rod (Fig. 2C) and they showed no deficit in their ability to cling to a wire mesh for a test period of 60 s (mean values Ն55 s for all groups, n Ն10 per group; data not shown). In addition, as shown in Figure 2 D, TASK knock-out mice removed their tails from a radiant heat source, at either low or high intensity, as quickly as did their control littermate counterparts. These observations, although not comprehensive, indicate no obvious neurological abnormalities in TASK channel knock-out mice, even those deleted for both TASK-1 and TASK-3. Although this outcome seems surprising given the widespread expression of TASK channel sub- Ϫ/Ϫ (top) and TASK-3 Ϫ/Ϫ (bottom) mice; note the absence of hybridization for the cognate gene in each knock-out, despite using twice the probe concentration (x2). B, TASK-1 and TASK-3 mRNA levels were assayed by qRT-PCR in brainstem samples from control (n ϭ 22) and TASK knock-out (n ϭ 11 each) mice (*p Ͻ 0.0001 vs control by ANOVA). C, D, Control and TASK knock-out mice were examined for their ability to run on an accelerating rotating rod (C; n Ն 8 per group) and to remove their tails from a radiant heat source, at either low or high intensity (D; n Ն 7 per group). None of the TASK knock-out mice lines showed any obvious gross sensorimotor deficits.
units in mouse brain, these results are in good agreement with previous reports on different lines of TASK subunit knock-out mice (Aller et al., 2005; Linden et al., 2006; Brickley et al., 2007) , although that group noted a slight decrement in performance of TASK-1 knock-outs on the rotarod (Aller et al., 2005 ) that our data do not reproduce.
TASK channels are required for pH sensitivity of serotonergic raphe neurons To enrich for serotonergic neurons within the sample of recorded raphe neurons, we took advantage of their characteristic response to 5-HT (i.e., decreased excitability attributable to activation of an inwardly rectifying K ϩ current) (Bayliss et al., 1997) . In addition, recorded dorsal raphe neurons were filled with biocytin and labeled with an antibody for tryptophan hydroxylase (TrpH), the rate limiting enzyme in serotonin synthesis (Fig. 3A ) (Bayliss et al., 1997) . We recovered 78% of the 5-HT-responsive raphe neurons filled during recording (n ϭ 45/58) and verified TrpH immunoreactivity (ir) in 84% of those recovered (n ϭ 38/45). There were no differences in properties (basal firing rate or holding current/conductance) of identified serotonergic raphe neurons and those 5-HT-responsive neurons that were not recovered or for which immunostaining was equivocal, and therefore these data were combined. In single TASK-1 Ϫ/Ϫ and TASK-3 Ϫ/Ϫ knock-out mice (data not shown) and in doubly deleted TASK Ϫ/Ϫ mice, the relevant TASK channel transcripts were not present in raphe neurons (Fig. 3B) .
The pH sensitivity in dorsal raphe neurons from control mice was similar to that observed previously in serotonergic raphe neurons cultured from rat brainstem (Richerson, 2004) , with firing rate decreasing from 1.2 Ϯ 0.3 Hz to 0.5 Ϯ 0.2 Hz over a pH range from pH 6.9 to pH 7.5 (n ϭ 11) (Fig. 3C) . In contrast, pHdependent changes in discharge were eliminated in raphe neurons from single and double TASK knock-out mice (Fig.  3C) . Warming the preparation to 34°C did not reveal a latent pH sensitivity in raphe neurons from TASK knock-out animals (n ϭ 15, data not shown), although it increased basal activity of control raphe neurons by ϳ1 Hz (at pH 7.3) and enhanced the dynamic range of pH sensitivity from 0.8 Ϯ 0.1 Hz to 1.6 Ϯ 0.1 Hz (at pH 7.5 and pH 6.9, Q 10 ϭ 2).
To establish that the pH sensitivity in mouse raphe neurons depends on a TASKlike conductance, we used voltage clamp recordings to test for anesthetic-and pHsensitive leak K ϩ currents in neurons from wild-type and knock-out animals. The pH-sensitive current was derived by subtraction of I-V curves obtained during extracellular acidification (pH 6.9) from those during bath alkalization (pH 7.5); as shown in Figure 3D , the pH-sensitive current in raphe neurons from control mice rectified weakly and reversed near the expected E K (approximately Ϫ94 mV). In control raphe neurons, halothane increased out- (double knock-outs). The area encompassed by dashed lines is an enlargement of the corresponding square defining the dorsal raphe region. Right, pH-sensitive raphe neuron filled with biocytin and immunostained with an antibody for tryptophan hydroxylase (TrpH-ir); the overlay image confirms the serotonergic phenotype of the recorded raphe neuron (white arrow), which was located in a cluster of other serotonergic neurons (red arrows). B, Non-isotopic in situ hybridization for TASK-1 and TASK-3 in dorsal raphe of control and TASK Ϫ/Ϫ double knock-out mice. C, Averaged firing rate at the indicated extracellular pH of raphe neurons from control (n ϭ 11), TASK-1 Ϫ/Ϫ (n ϭ 7), TASK-3 Ϫ/Ϫ (n ϭ 6), and TASK Ϫ/Ϫ (n ϭ 7) mice; deletion of TASK subunits, singly or in combination, eliminated pH sensitivity. D, Averaged I-V relationships reveal a prominent weakly rectifying pH-sensitive K ϩ current in raphe neurons from control mice (f; n ϭ 14); this current was absent in raphe neurons from TASK-1 Ϫ/Ϫ (ࡗ; n ϭ 7), TASK-3 Ϫ/Ϫ (F; n ϭ 5), or TASK Ϫ/Ϫ (OE; n ϭ 4) mice (*p Ͻ 0.05, two-way RM-ANOVA). Scale bars, 50 m.
ward current and conductance (by 12.3 Ϯ 1.9 pA and 0.4 Ϯ 0.1 nS, n ϭ 10). Halothane also enhanced the effect of pH on holding current and conductance; in a subset of cells tested before and during exposure to halothane (n ϭ 10), we found the pHsensitive current and conductance were 6.9 Ϯ 0.9 pA and 0.13 Ϯ 0.01 nS under control conditions and 9.7 Ϯ 1.3 pA and 0.32 Ϯ 0.1 nS in halothane ( p Ͻ 0.05, paired t test). These data from control mice are consistent with our previous report of anesthetic-and pH-sensitive TASK-like currents in rat serotonergic dorsal raphe neurons (Washburn et al., 2002) . Accordingly, there was no measurable effect of changes in bath pH on membrane current in serotonergic raphe neurons from single TASK-1 Ϫ/Ϫ or TASK-3 Ϫ/Ϫ knock-outs, or from TASK Ϫ/Ϫ double knock-out animals. This is evident in the averaged I-V relationships of pH-sensitive currents obtained in cells from TASK subunit knock-out mice (Fig. 3D) . Moreover, halothane was without effect on raphe neurons from TASK knock-out mice and effects of pH on holding current and conductance were not enhanced in the presence of halothane (data not shown). Thus, these data indicate that the mild pH sensitivity of serotonergic dorsal raphe neurons is attributable primarily to TASK channels.
We also examined effects of changing bath pH on firing rate and membrane currents in caudal raphe neurons from control and TASK Ϫ/Ϫ doubly deleted mice, specifically focusing on cells of raphe obscurus and raphe pallidus. As in the dorsal raphe, we found that firing activity in 5-HT-responsive caudal raphe neurons increased by 0.5 Ϯ 0.1 Hz (n ϭ 5) in response to bath acidification from pH 7.5-6.9 whereas TASK Ϫ/Ϫ mice were completely unresponsive to these changes in pH (⌬ Hz: 0.06 Ϯ 0.3 Hz, n ϭ 5). Likewise, changing bath pH from 7.5-6.9 had no effect on holding current or conductance at Ϫ60 mV in caudal raphe neurons from TASK Ϫ/Ϫ mice (I pH was Ͻ1 pA and G pH was Ͻ0.02 nS, n ϭ 5).
TASK channels are not the molecular substrate of RTN chemosensitivity
To examine chemosensitivity and pH-sensitive conductances in RTN neurons of TASK channel knock-outs, we identified this population of neurons in neonatal mice and compared them with their rat counterparts; these data are provided in supplemental data (available at www.jneurosci.org as supplemental material). In short, by using anatomical techniques, loose patch recording and single-cell RT-PCR, we found a population of glutamatergic, Phox2b-expressing RTN neurons in neonatal rat and mouse that correspond to the respiratory-related RTN chemosensitive neurons identified in adult rat in vivo (Mulkey et al., 2004; Stornetta et al., 2006) .
As depicted in Figure 4 A, we readily obtained pH-sensitive neurons in the RTN of TASK channel knock-out mice; the proportion of pH-sensitive neurons was similar across genotypes (28 -30% of neurons tested were pH sensitive, n ϭ 121). In addition, we found no difference in effects of pH on firing activity in chemosensitive RTN neurons from control mice or from any of the TASK knock-out lines (Fig. 4 B) . Moreover, under voltage clamp, we uncovered a pH-sensitive background K ϩ current in chemosensitive RTN neurons that was not different in cells from control mice and TASK knock-outs (Fig. 4C) . These data from knock-out animals indicate that TASK channels do not underlie the pH-sensitive K ϩ current in RTN neurons of the mouse. We also tested for TASK channel contributions to pH sensitivity in rat RTN neurons by taking advantage of the known modulation of TASK channels by inhalational anesthetics (Patel and Honore, 2001; Talley and Bayliss, 2002) . In contrast to the activation by halothane expected for TASK-like channels, we found that halothane actually decreased outward current and conductance in RTN neurons (Fig. 5A) ; averaged I-V of the halothane-sensitive current suggest that it was mediated by inhibition of a background K ϩ current (Fig. 5B ). In addition, the effects of changing bath pH on holding current and conductance were unaffected by halothane, and averaged I-V relationships of pH-sensitive currents were essentially identical under control conditions and in the presence of halothane (Fig. 5C ). Thus rat RTN chemosensitive neurons express both a halothane-inhibited background K ϩ current and a proton-inhibited background K ϩ current -but those currents are distinct from each other. Importantly, because neither current was TASK-like, and the chemosensitivity of RTN neurons was retained in TASK knock-out mice, the data indicate that neither TASK-1 nor TASK-3 contribute to the pH sensitivity of RTN chemoreceptors.
Central respiratory chemosensitivity is retained in TASK knock-out mice
The availability of TASK channel knock-out mice in which pH sensitivity is retained in RTN neurons but essentially eliminated from serotonergic raphe neurons provides a unique opportunity to examine the role of TASK channels and the relative contributions of these two groups of candidate respiratory chemoreceptor neurons to central respiratory chemosensitivity. Using whole animal plethysmography, we measured the hypercapnic ventilatory response of TASK knock-out animals; we exposed animals to elevated inspired CO 2 in a hyperoxic gas mixture to minimize inputs from peripheral chemoreceptors and focus on central chemoreceptor drive (Fig. 6) . Regardless of genotype, all animals responded to hypercapnia with an increase in minute ventilation (i.e., the product of respiratory frequency and tidal volume). The increase in ventilation observed with elevated inspired CO 2 was similar to that measured in studies of other wild type mouse strains (Tankersley et al., 1994) , and there was no significant . RTN neurons from TASK channel knock-out mice retain pH sensitivity and express a pH-sensitive K ϩ current like their wild-type counterparts. A, Effects on firing rate of changing bath pH in representative RTN neurons from control (left) and TASK Ϫ/Ϫ (right) mice. B, Averaged firing rate at the indicated extracellular pH of RTN neurons from control (n ϭ 8), TASK-1 Ϫ/Ϫ (n ϭ 8), TASK-3 Ϫ/Ϫ (n ϭ 9), and TASK Ϫ/Ϫ (n ϭ 5) mice; there was no difference in pH sensitivity of RTN neurons from control and TASK knock-out mice. C, Averaged I-V relationships of pH-sensitive currents expressed by RTN neurons in control and TASK knock-out mice (n ϭ 7, 7, 9, and 5; p ϭ 0.3, by two-way RM-ANOVA). difference in CO 2 sensitivity between control mice and any of the TASK knock-out animals. These results indicate that TASK channels are not essential for normal central respiratory chemosensitivity.
Discussion
We used TASK subunit knock-out mice to test whether TASK-1 and TASK-3, two KCNK family background K ϩ channels with intrinsic pH sensitivity in the physiological range, contribute to chemosensitivity of putative central respiratory chemoreceptor neurons and to the ventilatory response to hyperoxic hypercapnia. In brainstem slices from control mice, we found a halothaneand pH-sensitive K ϩ current in serotonergic raphe neurons that was absent in cells from TASK-1 Ϫ/Ϫ , TASK-3 Ϫ/Ϫ or TASK Ϫ/Ϫ double knock-out mice, and we showed that ablating TASK channel genes disrupted pH-dependent firing in those neurons. In contrast, the effects of pH on cell firing and on pH-sensitive background K ϩ currents were fully preserved in chemosensitive RTN neurons from knock-out mice in which the genes for TASK-1, TASK-3 or both were deleted. Despite the absence of pH sensitivity in raphe neurons, the ventilatory response to CO 2 was intact in TASK knock-out mice. Therefore, our experiments effectively dissociate pH sensitivity of raphe neurons from central respiratory chemosensitivity. Furthermore, they indicate that the extensive expression of pH-sensitive TASK channels within various neuronal elements throughout the respiratory control system is not required for normal ventilatory responses to hypercapnia.
pH sensitivity of serotonergic raphe neurons is mediated by TASK channels but is not required for central respiratory chemosensitivity Serotonergic neurons in the brainstem have been championed as central respiratory chemoreceptors (Richerson, 2004) , primarily based on the findings that local acidification of medullary raphe stimulates breathing during sleep (Feldman et al., 2003; Richerson, 2004) and that midbrain and medullary serotonergic neurons in slices and/or culture are stimulated by acidification (Washburn et al., 2002; Richerson, 2004) . Our experiments using knock-out mice indicate that pH sensitivity of serotonergic raphe neurons derives predominantly from TASK channels; pHdependent changes in firing rate were eliminated in either dorsal or caudal raphe neurons from TASK knock-out mice. We found that the pH-sensitive K ϩ current in raphe cells was abolished in mice with deletions in either TASK subunit alone, as well as in the TASK Ϫ/Ϫ double knock-outs, suggesting that native TASK channels are likely heterodimeric. The reasons for this preferred con- Figure 5 . The pH-sensitive current expressed by rat RTN chemoreceptors is not sensitive to halothane. A, Traces of holding current and conductance in a rat RTN neuron (V h of Ϫ60 mV) during changes in bath pH under control conditions and during exposure to halothane (3%). Note that halothane decreased current and conductance, an effect opposite to that expected for TASK channels, and that effects of pH were similar in magnitude under control conditions and in the presence of halothane. (*, trace blanked and corrected for artifact in recording). B, The I-V relationship of the halothane-sensitive current shows a weakly rectifying profile with a reversal near E K , suggesting inhibition of a background K ϩ current. C, I-V relationships of pH-sensitive currents under control conditions and in halothane were not different, indicating that TASK channels do not contribute to the pH-sensitive current in rat RTN neurons. Figure 6 . TASK channels are not the molecular substrate of central chemosensitivity. Whole animal ventilatory response to CO 2 was measured in control animals and TASK knock-out mice by plethysmography. A, Exemplar records of respiratory frequency, tidal volume (normalized to body weight), and minute ventilation (product of tidal volume and respiratory frequency) from control and TASK Ϫ/Ϫ mice during exposure to incrementing inspired CO 2 . B, Averaged values of minute ventilation with each of the indicated inspired gas concentrations; there were no significant differences in CO 2 sensitivity between control and TASK knock-out animals ( p ϭ 0.21, by two-way RM-ANOVA, n Ն 5 per group).
formation are not clear because homodimeric TASK channels are obtained in heterologous expression systems (Patel and Honore, 2001; Lesage, 2003; Talley et al., 2003) .
Although we found that TASK channels account for the pH sensitivity of two different groups of serotonergic neurons (i.e., in dorsal and caudal raphe) that have been proposed as central chemoreceptor neurons (Richerson, 2004) , the possibility still remains that some unidentified subpopulation of raphe neurons relies on a different, non-TASK channel for its pH sensitivity. However, our results are consistent with other data indicating that adult serotonergic neurons are insensitive (Mulkey et al., 2004) or, at best, weakly sensitive to hypercapnic challenge in vivo (Veasey et al., 1995) , despite reliable observation of pH sensitivity in neonatal serotonergic neurons in vitro (Washburn et al., 2002; Richerson, 2004) . In any case, whereas our data from TASK knock-out mice indicate that pH sensing by two major groups of dorsal and caudal raphe neurons is not essential for respiratory responses to hyperoxic hypercapnia, they still leave open the likely possibility that serotonergic neurons contribute to integrated ventilatory responses in ways that are not dependent on cell-intrinsic pH sensitivity (e.g., by modulating excitability in neurons of the respiratory control system, including chemosensory cells).
TASK channels do not underlie the pH-sensitive background K
؉ current in RTN neurons Functionally identified RTN chemoreceptors express a pHsensitive background K ϩ current that is activated by alkalization and inhibited by acidification and that contributes to intrinsic pH sensitivity of RTN neurons (Mulkey et al., 2004) . Although TASK-1 and/or TASK-3 are renowned for generating pH-sensitive neuronal background K ϩ currents (Lesage, 2003; Talley et al., 2003) , our studies indicate that those channels do not underlie the native pH-sensitive current in RTN neurons. We found that halothane, a volatile anesthetic that activates TASK channels (Patel and Honore, 2001; Talley and Bayliss, 2002) , had no effect on the pH-sensitive K ϩ current in rat RTN neurons. Moreover, we were able to identify a corresponding group of pH-sensitive RTN neurons in mice in which manipulations of bath pH evoked changes in firing rate and a background K ϩ current that were not different in control and TASK knock-out mice. Thus, the pH sensitivity of RTN neurons appears to be mediated by a distinct non-TASK pH-sensitive background K ϩ current. A number of alternative pH-sensitive K ϩ channels have been suggested as candidates for mediating respiratory chemoreception (for review, see Putnam et al., 2004) . For example, several pH-sensitive Kir channels are expressed in brainstem neurons. However, there is no evidence for inward rectification in the I-V of the pH-sensitive K ϩ current in RTN neurons. Large conductance K Ca channels are also pH-sensitive and widely expressed (Putnam et al., 2004) but we found that charybdotoxin (100 nM, bath) had no effect on pH-dependent modulation of firing activity in RTN cells (D. K. Mulkey and D. A. Bayliss, unpublished observations) . Finally, several members of the Kv channel superfamily are pH-sensitive (Putnam et al., 2004) , and it is possible that a constitutive "window" current mediated by Kv subunits could contribute to the background pH-sensitive K ϩ current in RTN neurons. In this respect, those Kv channels would have to be relatively insensitive to TEA, because we found only a small decrement in pH sensitivity of RTN neurons when the perfusate included up to 40 mM TEA (Mulkey and Bayliss, unpublished observations).
RTN chemoreceptors
A major impediment to detailed cellular and molecular analysis of central respiratory chemosensitivity has been uncertainty regarding the identity of brainstem chemosensitive neurons that mediate this function. Historically, the region of the RTN in the rostroventrolateral medulla has been implicated in central chemoreception (Nattie, 1999; Feldman et al., 2003; Putnam et al., 2004; Nattie and Li, 2006) , and our recent in vivo experiments have uncovered a population of pH-sensitive RTN neurons that represent excellent candidate neuronal substrates; those cells are glutamatergic (Mulkey et al., 2004; Weston et al., 2004; Guyenet et al., 2005a,b; Stornetta et al., 2006) , and they express Phox2b , a transcription factor mutated in patients with congenital central hypoventilation syndrome in which chemical drive for breathing is selectively blunted (Amiel et al., 2003; Weese-Mayer et al., 2005a,b) . In the present work, we used single cell RT-PCR to demonstrate that pH-sensitive RTN neurons recorded in vitro represent the cellular correlate of the glutamatergic and Phox2b-expressing chemoreceptors characterized in vivo (Mulkey et al., 2004; Weston et al., 2004; Guyenet et al., 2005a,b; Stornetta et al., 2006) . Importantly, this identification allows direct experimental tests of the ionic basis for pH sensitivity in RTN chemoreceptor neurons in reduced preparations, and our characterization of phenotypic markers for these cells in mice will allow additional genetic exploration of the cellular and molecular bases for chemical control of breathing.
TASK channel contributions to respiration
Expression of TASK channel transcripts is widespread throughout the CNS (Karschin et al., 2001; Talley et al., 2001; Vega-Saenz et al., 2001) , and it is now clear that TASK-like background K ϩ currents contribute to regulation of excitability in numerous cell types (Millar et al., 2000; Sirois et al., 2000; Han et al., 2003; Meuth et al., 2003 Meuth et al., , 2006 Berg et al., 2004; Aller et al., 2005; Taverna et al., 2005; Burdakov et al., 2006; Torborg et al., 2006; Brickley et al., 2007) , including many central respiratory-related neurons Washburn et al., 2002 Washburn et al., , 2003 . In addition, it has been proposed that TASK channels may be involved in regulation of respiration by peripheral chemoreceptors (e.g., via hypoxic inhibition of TASK-like channels in carotid body glomus cells) (Buckler, 2007) . In light of this, it is perhaps surprising that TASK knock-out mice, including the double TASK Ϫ/Ϫ mice reported here for the first time, present such an unremarkable respiratory and neurological phenotype (Aller et al., 2005; Linden et al., 2006; Meuth et al., 2006; Brickley et al., 2007) . Indeed, we also tested peripheral chemosensory responses of these mice and found a significant hyperventilation in TASK Ϫ/Ϫ double knock-out mice exposed to 10% O 2 (n ϭ 5, p Ͻ 0.0005 by two-way RM-ANOVA) that was not different from that in control mice (n ϭ 6, p ϭ 0.64). It is important to point out that we have not investigated any cellular or molecular mechanisms associated with this response, and therefore we do not know, for example, whether TASK Ϫ/Ϫ knock-out mice express a distinct (non-TASK) hypoxia-sensitive current in carotid body glomus cells that might account for their maintained peripheral chemoreception.
It is also noteworthy that although serotonergic raphe neurons in TASK knock-out mice did not express TASK currents and were unresponsive to changes in pH, they nevertheless displayed relatively normal baseline firing properties, consis-tent with a homeostatic regulation of cell excitability; the relevant compensatory mechanism(s) remain to be identified. In this respect, it is unlikely that upregulation of other background K 2P channels account generally for the seemingly normal phenotype in TASK knock-out mice because there is no obvious increase in expression or altered distribution of other K 2P subunits (Aller et al., 2005; Brickley et al., 2007 ) (E. M. Talley and D. A. Bayliss, unpublished microarray data) . However, analysis of these animals has not yet been exhaustive, and it seems likely that specific roles for these well modulated TASK channels will be discovered as these mice are presented with additional physiological challenges.
